AbstractVThis study examines the past and future impact of nuclear reactors on anthropogenic carbon emissions to the atmosphere. If nuclear power had never been commercially developed, what 
INTRODUCTION
THERE IS currently a resurgence of interest in building new nuclear power plants in the U.S. and abroad, which parallels an expansion in other non-combustion and renewable energy sources; e.g., wind generation and solar power applications. Globally, there were 438 operating nuclear reactors at the end of 2009, and an additional 55 units were under construction (IAEA 2010a and b) . Offsetting these numbers are the reactors lost in the 2011 Fukushima accident and those shut down permanently in Germany.
On the eve of this ongoing nuclear expansion, this paper uses a hypothetical scenario to evaluate the reduced carbon emissions and CO 2 concentrations resulting from 44 y of global nuclear power generation. It is assumed that all the power actually supplied by commercial nuclear units worldwide would have been generated by additional fossil fuel plants. Although it is certainly possible that some of the replacement power would have been generated by additional renewable energy sources, it is plausible to assume that the effect on carbon emissions would have been insignificant. For example, in 2009, wind, geothermal, and solar power combined provided only 1.2% of primary energy consumed in the U.S. (U.S. EIA 2010).
To implement this approach, the actual generated nuclear power is converted to the fossil fuel equivalent in Gt (gigatonnes or 10 9 metric tons) of carbon emissions, and then this quantity is added to the historic carbon emissions to the atmosphere to estimate the total carbon emissions in a non-nuclear world. The lag time in carbon emissions provided by the global nuclear industry is estimated by comparing the hypothetical emissions with the historic emissions. Cumulative carbon emissions are then used along with the airborne fraction of CO 2 to estimate the corresponding lag time in atmospheric CO 2 concentrations. This paper estimates the additional carbon emissions that could be avoided from 2010 through 2030, using International Atomic Energy Agency (IAEA) data for projected growth in nuclear power (IAEA 2010a) . These projections are based on two scenarios: (1) a scenario based on current trends and (2) an optimistic, bounding scenario that assumes implementation of stringent global policies targeted to mitigate climate change. The scenarios have been modified to reflect recent events in Japan with the loss of six reactors of the Fukushima complex and the permanent shutdown of eight reactors in Germany.
This study is based on three principal data sources: (1) estimates of global carbon emissions provided by the Carbon Dioxide Information Analysis Center (CDIAC 2010; Boden et al. 2010) , (2) estimates of annual world primary energy consumption provided by British Petroleum (BP 2010) , and (3) atmospheric CO 2 data from Mauna Loa (NOAA's Earth System Research Laboratory) (Tans 2011a and b) .
The reader should note that this paper does not address the effects of nuclear power on climate change and global warming. That task is left to researchers who focus on climate modeling and may wish to use these results as inputs.
CARBON DIOXIDE CONCENTRATIONS IN THE ATMOSPHERE
For over five decades, atmospheric CO 2 concentrations have been measured atop Mauna Loa, Hawaii. Plots of recent data and the full Mauna Loa record are available online (Tans 2011a) . Various reports document the data collection and analytical methods used Thoning et al. 1989; Zhao et al. 1997; Zhao and Tans 2006) . The mean monthly CO 2 concentrations at Mauna Loa (Tans 2011b ) display a cyclical pattern caused by seasonal and atmospheric variations in the northern hemisphere, varying over an annual range of È5 to 8 ppm (parts per million). Tans (2011a) reports an estimated uncertainty for the mean annual CO 2 values of 0.11 ppm y j1 based on one SD of the differences between monthly mean values independently measured by the Scripps Institution of Oceanography and by NOAA/ESRL. The global growth rate is similar to but not the same as the rate measured at Mauna Loa (Tans 2011a) .
The amount of CO 2 added to the atmosphere each year varies considerably, but the long-term trend continues to increase. Since 1965 the yearly increase in atmospheric CO 2 (as carbon) has ranged between 1.0 and 6.4 Gt or between 20% and 81% of the anthropogenic (human generated) carbon emitted each year. The rest of the emitted carbon is transferred to oceanic and terrestrial reservoirs, where much of this remains in mobile form. CO 2 exchange between the atmosphere and the oceans is relatively rapid, occurring on a time scale of a few years, as indicated from results of radioisotopic studies (Sundquist 1985) . Carbon continues to accumulate in the coupled atmospheric and oceanic reservoirs (Orr et al. 2005; Archer and Brovkin 2008) .
The rate of change of seasonally adjusted CO 2 concentration at Mauna Loa has significantly increased with time. In the decade from 1959 to 1968, the average CO 2 growth rate was 0.81 ppm y j1 . Over the last 10 y, the CO 2 concentration has risen at annual mean growth rates of 1.57 to 2.59 ppm y j1 (Tans 2011a ), demonstrating the continuing rapid buildup of carbon in the atmosphere. In addition to the observed buildup of CO 2 , various researchers predict a long-term persistence of anthropogenic CO 2 in the atmosphere (Montenegro et al. 2007; Archer and Brovkin 2008 ) on a millennial scale.
As of February 2011, the seasonally corrected trend value of atmospheric CO 2 had reached È390.91 ppm (Tans 2011b) . The increase in mean CO 2 levels to È390.91 ppm from È275Y284 ppm (by volume) in the pre-industrial era (Etheridge et al. 1996 ) is equivalent to È228Y247 Gt carbon accumulating in the atmosphere (1.00 ppm CO 2 È 2.13 Gt C or È7.80 Gt CO 2 ). The excess carbon remaining in the atmosphere now exceeds annual emissions from fossil fuel burning and deforestation (È10 Gt carbon) by a factor of È23Y25. This excess carbon, also known as the airborne fraction, is the target of continuing scientific research (Raupach et al. 2008; Le Quere et al. 2009 ). The observed long-term increase in the airborne fraction implies that carbon emissions have grown faster than the terrestrial and oceanic CO 2 sinks ).
CARBON EMISSIONS TO THE ATMOSPHERE
The sources of atmospheric carbon are both natural and anthropogenic. Anthropogenic carbon emissions are due to land use changes (primarily deforestation) and, since È1750, burning of fossil fuels and more recent activities that include cement manufacture and natural gas flaring (Figs. 1Y2) . Fig. 2 compares atmospheric carbon and global anthropogenic carbon emissions to the atmosphere. The top line shows atmospheric carbon from 1751 to 2010. The dashed part of this line shows the estimated trend from a pre-industrial level of È596 Gt (È280 ppm CO 2 ; central value in the range of 275Y284 ppm estimated by Etheridge et al. 1996) up until the Mauna Loa data were collected. The solid part of the top line shows the mean If all the carbon emitted since 1750 had remained in the atmosphere, the mean CO 2 concentration would have risen by È256 ppm. An actual rise of È107Y116 ppm was observed through 2009, demonstrating that È55Y58% of the total emitted CO 2 has been removed from the atmosphere, while a large excess (È42Y45%) remains. This is the airborne fraction mentioned in Section 2 Le Quere et al. 2009 ). Marland and Rotty (1984) estimate the uncertainty in the global CO 2 emissions in the range of 6 to 10%, involving a degree of subjectivity. The major source of this uncertainty derives from statistics on fuel production and trade, which vary in quality among countries. Marland (2008) and Marland et al. (2009) discuss some of the challenges of CO 2 emissions accounting. Uncertainty estimates have traditionally been expert judgments based on the data input to the calculations. For CO 2 emissions from fossil fuels, there are at least four approaches that can be used to gain insights about the full uncertainty of emissions estimates: (1) comparison of estimates by independent methods, (2) comparison of estimates from multiple sources, (3) evolution over time of estimates from a single source, and (4) methodology being developed that emphasizes modeling with respect to remotely sensed data. CO 2 emissions are usually evaluated using the amount of carbon-based fuels consumed and estimating the contained carbon and the degree of conversion of fuel carbon to CO 2 . Canadell et al. (2007) summarize mean values of anthropogenic carbon emitted during 2000Y2006. Mean emissions per year from fossil fuels and cement manufacture were 7.6 petagrams of carbon (PgC) with an estimated uncertainty of 5%, taking into account errors in the reporting of energy statistics and in converting energy consumption to CO 2 emissions. They assign an uncertainty of T 0.5 PgC y j1 to CO 2 emissions from land use change. This is 33% of the estimated mean of 1.5 PgC y j1 from land use change, which remains the most uncertain quantity required to close the global carbon budget. The combined uncertainty for mean anthropogenic emissions of 9.1 PgC y j1 during 2000Y2006 is È10%. Fig. 1 is a plot of estimated annual anthropogenic emissions with additional plots that reflect an uncertainty band of T10%.
Macknick (2009) presents an extensive discussion of energy and CO 2 emission data. He compares the methods used by various organizations in their published energy and carbon statistics and critically examines articles (e.g., Raupach et al. 2007 ) that use energy and CO 2 emissions data. He introduces a tool that may allow users to compare energy and carbon statistics across organizations to assist analysis of uncertainty. Four of the organizations that publish energy data include the International Energy Agency (IEA), the U.S. Energy Information Administration (U.S. EIA), BP, and the United Nations. Macknick (2009) also considers various organizations that publish CO 2 data, which includes the Carbon Dioxide Information Analysis Center (CDIAC) and the Emissions Database for Global Atmospheric Research (EDGAR). Different assumptions and methods used by various organizations lead to sometimes significant discrepancies in published data. Discrepancies result from using different data inputs, categorizing fuels differently, using different energy conversions, and reporting data in varying units (Macknick 2009 ). For example, regarding primary energy equivalency for nuclear power, the IEA assumes 33% efficiency for all plants based on an average efficiency of thermal fossil fuel plants in Europe. The U.S. EIA considers varying efficiencies among countries, ranging from 29Y35%, while BP assumes 38% efficiency. The BP energy consumption data was used for this analysis, which provides the most current international database. BP (2011) includes 2010 data, which has been added to the plots.
EFFECT OF COMMERCIAL NUCLEAR POWER ON CARBON EMISSIONS TO THE ATMOSPHERE
Global sources of primary energy consumption are estimated by BP (2010) for the period 1965 to 2009 (Fig. 3) , which is the primary period of commercial nuclear power. In To estimate the effect of global nuclear power on emissions, carbon emissions are plotted from 1751 through the years 1965Y2009 ( Fig. 4 ; lower line). Because CO 2 continues to accumulate in the atmosphere, cumulative values of fossil fuel emissions and nuclear equivalents are used to compare carbon emissions in a nuclear vs. a nonnuclear world. The nuclear energy generated each year (BP 2010) is converted into equivalent emissions of carbon (Fig. 3) . The upper line in Fig. 4 represents the sum of historic carbon emissions and the additional carbon emissions that would have occurred in the absence of nuclear power. It is found that, without nuclear power, an additional È13 Gt of carbon would have been emitted during 1965 through 2009, resulting in cumulative emissions of È557 Gt of carbon to the atmosphere since 1751. The dotted projection of the lower line in Fig. 4 (inset) shows that nuclear power has caused a lag time of È1.3 y in cumulative carbon emissions to the atmosphere. This lag time is an upper bound because it does not consider life cycle analysis and because of the assumption that fossil fuels would completely replace nuclear power in the nonnuclear scenario. A discussion of life cycle adjustment in the lag time is presented in the next section.
There is a strong relationship between cumulative carbon emissions and the rate of rise of atmospheric CO 2 . This close relationship reflects the fact that land and oceanic CO 2 sinks respond nearly linearly to changes in atmospheric CO 2 . Since 1965, the yearly increase in mean annual CO 2 (as carbon) has ranged widely from 0.9 to 6.4 Gt. The cause of this variation is an important focus in atmospheric research. The yearly increase has ranged from 3.5 to 5.5 Gt during 2001Y2009. This variation arises from annual variability in terrestrial and oceanic CO 2 sinks and is caused by factors that are at least partly understood, such as the effects of ENSO (El Niño/La Niña-Southern Oscillation) and volcanic activity on the terrestrial carbon sinks. Other causes include annual variations in climate, biological response, and ocean mixing phenomena (Falkowski et al. 2000; Jones and Cox 2005; Canadell et al. 2007; Raupach et al. 2008; Le Quere et al. 2009; Ciais et al. 2010) .
One can estimate the present-day mean atmospheric concentration of CO 2 in a non-nuclear world using a key piece of dataVthat the cumulative energy from nuclear power is equivalent to 12.85 Gt C at a typical carbon intensity of energy. According to Canadell et al. (2007) , of the average 9.1 Pg C y j1 of total anthropogenic emissions from 2000 to 2006, the airborne fraction (fraction of total CO 2 emissions remaining in the atmosphere) was 0.45. In the past 50 y, this fraction has likely increased from È0.40 to 0.45 (Le Quere et al. 2009 ). Therefore, the atmospheric CO 2 increment (added from the hypothetical absence of nuclear power) = 12.85 Â 0.45 = 5.78 Gt C, or 5.78/2.13 = 2.7 ppm CO 2 . The average growth rate in atmospheric CO 2 in the last 10 y has been 2.0 ppm y j1 and has now reached 2.6 ppm y j1 . Therefore, the added increment of 2.7 ppm CO 2 corresponds to a lag time in CO 2 buildup of 1.1 to 1.3 y, similar to the lag time in carbon emissions produced by nuclear power.
LIFE CYCLE CONSIDERATIONS FOR ADJUSTED LAG TIME
In comparing the nuclear vs. non-nuclear scenarios, it is important to also consider life cycle analysis of electrical generation and supply systems. Life cycle refers to the cumulative lifetime energy and carbon inputs and outputs of electrical systems. These assessments are complex, even controversial, and include many variables such as reactor types and lifetimes, fuels, and phases (front end, construction, operations, back end, and decommissioning). Nuclear and renewable energy technologies are very efficient in terms of life cycle CO 2 emissions when compared to fossil fuel systems. A 2008 review of 103 nuclear life cycle assessments (Sovacool 2008 ) screened out 19 as qualified studies and reports a range of emissions of 1Y288 g CO 2 /kWh, with a mean value of 66 g CO 2 /kWh. Another evaluation of life cycle studies (Lenzen 2008) reported an emission range of 10Y130 g CO 2 /kWh with a mean value of 65 g CO 2 /kWh. By comparison, plants fired by fossil fuels (gas, oil, coal) have estimated emissions of 443Y1,050 g CO 2 /kWh (U.S. DOE/EPA 2000; Gagnon et al. 2002) , with higher values representing coal-fired plants. Coal is the dominant energy source for world electrical generation, constituting 51% of fossil fuels used in 1973 and 61% in 2007 (IEA 2009 . Consequently, for the non-nuclear scenario and consistent with historic trends, more than half of the additional fossil-fired electrical generation would be coal based.
Additional discussion about life cycle costs and emissions is documented in a collaborative forum at the University of Melbourne (2009). Further analysis and debate on this topic are presented by the World Nuclear Association (2009). The results of life cycle analyses indicate that, although nuclear reactors require significantly more energy to build than fossil-fired plants, they more than compensate for this with long lifetimes of relatively steady baseload power generation with minimal carbon emissions. In any event, and this is a key point, alternatives to fossil fuel energy production will all become more efficient in terms of life cycle when more of the input energy for manufacture and construction of solar systems, wind generators, nuclear reactors, and fuel comes from renewable or noncombustion energy sources.
An adjusted lag time for CO 2 buildup is obtained by deriving a factor to account for life cycle CO 2 emissions of nuclear plants. This analysis corrects the life cycle estimates based on the list of qualified life cycle studies developed by Sovacool (2008) by combining or eliminating redundant studies (Tables 1 and 2) . A median emission per kWh of 38 g CO 2 /kWh is thereby obtained with upper and lower quartiles of 71 and 19 g CO 2 /kWh, respectively Sovacool (2008) was adjusted for redundant studies by averaging results for multiple studies by Dones et al. (2003 Dones et al. ( , 2004 Dones et al. ( , 2005 , averaging results for light and heavy water reactors by ISA (2006) , and by using the more recent and more comprehensive study by Storm van Leeuwen and Smith (2007) .
( Table 1 and Fig. 5 ). This range encompasses the mean values of 66 and 65 g CO 2 /kWh reported by Sovacool (2008) and Lenzen (2008) , respectively. Thus nuclear reactors have È2.4Y9.1% of the life cycle CO 2 emissions from fossil-fired plants (950% coal based) during the period 1973Y2007; i.e.,~19 to 71 g CO 2 kWh j1 divided by 780 g CO 2 kWh
j1 (see Tables 1 and 2 ). Multiplying the lag time of 1.3 y by 0.024 to 0.091 yields an adjustment factor range of 0.031 to 0.12, which subtracted from 1.3 y yields an adjusted lag time of Q1.2 y. It is emphasized that this lag time is based on an upper quartile life cycle emission of 71 g CO 2 /kWh (Tables 1 and 2) , which is greater than the mean values reported by Sovacool (2008) and Lenzen (2008) and thereby yields a higher and more conservative estimate of life cycle CO 2 emissions for nuclear reactors.
FUTURE PROJECTIONS
The International Atomic Energy Agency (IAEA) has published projections of future growth in global nuclear energy production and capacity (IAEA 2010a). For the period from 2009Y2030, they estimate that the average annual growth rate for nuclear energy could be in the range of 2.2Y4.1% per y. The lower growth rate represents future expectations assuming that current trends continue, with few policy changes affecting construction of new nuclear units. According to IAEA (2010a), ''This case was explicitly designed to produce a 'conservative but plausible' set of projections. Additionally, the low case did not automatically assume that targets for nuclear power growth in a particular country would necessarily be achieved.'' IAEA (2010a) presents a rationale for the higher estimate (i.e., 4.1%) of the annual growth rate: ''The high case projections are much more optimistic, but still plausible and technically feasible. The high case assumes that the current financial and economic crises will be overcome in the not so distant future, and past rates of economic growth and electricity demand, especially in the Far East, would essentially resume. In addition, the high case assumes the implementation of stringent policies globally targeted at mitigating climate change.''
The current estimate of nuclear power consumption for 2009 (BP 2010 ) is used and projected forward 21 y using the annual growth estimates from IAEA (2010a). Both scenarios are modified to consider recent events in Japan, with the permanent loss of all six reactors in the Fukushima complex. The permanent shut-down of eight reactors in Germany is also considered. Furthermore, it is possible that all nuclear reactors in Germany will be shut down by 2022, and other changes may be forthcoming in Japan and other nations. It is expected that the IAEA will produce new projections of nuclear growth in the next few years that can be used to update and enhance these results.
The future projections are plotted in Fig. 6 , with the data converted to cumulative carbon emissions to the atmosphere that would be averted by global nuclear power. Under the high (optimistic) growth rate, global nuclear power would avert È17 Gt carbon from 2009 through 2030. The low (expected) growth rate would avert È14 Gt of atmospheric carbon emissions from 2009 through 2030. Fig. 6 incorporates the post-2010 loss of power from six reactors in Japan (net capacity 4550 MWe; 10% of total capacity in Japan) and eight in Germany (net capacity 8,400 MWe; 41% of total capacity) (IAEA 2010b). Table 4 of Sovacool (2008) . This bar chart visually shows the totals in the last column of Table 1 . 1973 , 2001 (IEA 2003 , 2009 Nuclear, hydroelectric, and other sources are omitted. For each year, groups of three columns show the percent share of total electrical generation, the fraction of total fossil fuels used, and the mean emissions estimate (in bold) based on a weighted average of the mix of fossil fuels used globally that year. Column at far right shows the estimated life cycle emissions for the three types of fossil fuels (DOE/EPA 2000; Gagnon et al. 2002 ). An adjusted lag time for CO 2 buildup in the atmosphere was derived by dividing the range from lower to upper quartile (see Table 1 In 2009, nuclear plants produced power equivalent to 0.52 Gt carbon emissions or one-nineteenth the emissions from fossil fuels in that year (9.88 Gt). Even doubling the capacity, which corresponds to a growth rate of 3.4% (intermediate between the two IAEA scenarios), would offset only È1.0 Gt y j1 of carbon emissions. Adding that much infrastructure would take decades, and it is unclear what the emissions from fossil fuels would be during that time.
The IAEA projections have not been used to make estimates of future lag times in cumulative carbon emissions resulting from nuclear power. To accomplish that would also require prediction of future global carbon emissions, which is beyond the scope of this paper. A lag time of È1.2 y is based on reported global emissions through 2009.
DISCUSSION
The estimated lag time of about 1.2 y in global carbon emissions and atmospheric CO 2 attributable to nuclear power generation through 2009 is based on published data and analyses without regard to their uncertainty. These published results all have uncertainties stemming from their assumptions, methods, and data, and some of these have been reported in this paper. However, their uncertainties do not affect this estimate of lag time. As shown in the insert in Fig. 4 , this estimate depends only on the shift in the baseline curve due to the hypothetical replacement of nuclear power by fossil fuel generation. The effect of any change in the baseline curve would simply shift the two curves but would not affect the distance between them; i.e., the lag time.
The major source of uncertainty in the lag time as calculated in this paper comes from different approaches in evaluating the primary energy equivalency for nuclear power during the period 1965Y2009. As noted above, in evaluating primary energy equivalency for nuclear power, BP assumes 38% efficiency (Macknick 2009 ). Because the efficiency uncertainty is about 10%, the uncertainty in the lag time is about 0.1 y and therefore does not substantially affect this estimate of lag time.
Improved studies of the global carbon budget are in development. The Orbiting Carbon Observatory will provide extensive data on the CO 2 distribution in the atmosphere and is intended to constrain the understanding of sources and sinks of CO 2 . Unfortunately, the carbonmapping spacecraft was lost in a launch failure in 2009. NASA plans to orbit a duplicate spacecraft early this decade after booster reliability is demonstrated (NASA 2011).
CONCLUSIONS
Global nuclear power has had an increasingly positive effect on reducing carbon emissions over the 44-y period through 2009. The estimated lag time of about 1.2 y represents conditions at the end of 2009 and may change with time. While the effect of nuclear power on global carbon emissions and CO 2 concentrations is relatively small, this is a consequence of its comparison to the global use of all primary energy, where it plays a much smaller role than in studies that compare nuclear power to other energy sources used to generate electricity.
Cumulative global carbon emissions would have been È13 Gt greater and the mean annual CO 2 concentration at Mauna Loa would have been È2.7 ppm greater than without nuclear power. Although this effect may seem relatively small for a global industry, it is noteworthy considering the commercial nuclear industry did not begin until the mid-1960s and had experienced reduced growth since 1995. By comparison, fossil fuels have been burned at increasing rates for several centuries, and global consumption has nearly tripled since 1965, resulting in a rapid rise in atmospheric CO 2 . Using IAEA projections of future growth in nuclear power from 2009 through 2030, one finds that an additional 14Y17 Gt of atmospheric carbon emissions would be averted by the global use of nuclear power through 2030, for a cumulative total of È27 to 30 Gt averted during the period 1965Y2030.
From the analysis presented here, one can conclude that nuclear power alone cannot significantly reduce atmospheric CO 2 concentrations. However, the expansion of renewable and nuclear energy, along with reforestation and carbon sequestration efforts, plus more efficient use of remaining fossil fuels, could significantly contribute to future global energy needs and also reduce the rate of increase in atmospheric CO 2 emissions.
